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The auditory inner hair cell (IHC) ribbon synapse
operates with an exceptional temporal preci-
sion and maintains a high level of neurotrans-
mitter release. However, the molecular mecha-
nisms underlying IHC synaptic exocytosis are
largely unknown. We studied otoferlin, a pre-
dicted C2-domain transmembrane protein,
which is defective in a recessive form of human
deafness. We show that otoferlin expression in
the hair cells correlates with afferent synapto-
genesis and find that otoferlin localizes to
ribbon-associated synaptic vesicles. Otoferlin
binds Ca2+ and displays Ca2+-dependent inter-
actions with the SNARE proteins syntaxin1 and
SNAP25. Otoferlin deficient mice (Otof/) are
profoundly deaf. Exocytosis in Otof/ IHCs is
almost completely abolished, despite normal
ribbon synapse morphogenesis and Ca2+ cur-
rent. Thus, otoferlin is essential for a late step
of synaptic vesicle exocytosis and may act as
the major Ca2+ sensor triggering membrane
fusion at the IHC ribbon synapse.
INTRODUCTION
The mammalian hearing organ, the cochlea, codes
sounds over wide ranges of frequencies and intensities.
This process involves two different types of mechanosen-sory cells, the inner and outer hair cells (IHCs and OHCs),
which transduce sound stimulation into receptor poten-
tials. OHCs, endowed with electromotility, confer to the
cochlea its high sensitivity and the selectivity of its sound
frequency response (Brownell et al., 1985; Dallos and
Corey, 1991), whereas IHCs are the genuine sensory cells
transmitting information on the temporal structure and in-
tensity of sound to the central nervous system (CNS). The
IHC synapse functions as an analog system with minimal
sensory information loss (reviewed in Fuchs [2005] and
Juusola et al. [1996]). Indeed, neurotransmitter release of
the mature IHC synapse is triggered by graded membrane
potential variations, increasing with sound intensity. The
synaptic response to sound frequencies of up to 3 kHz
is phase-locked to the sound pressure wave (Rose et al.,
1967). This property implies a high temporal precision of
synaptic transmission, essential for pitch perception and
localization of the sound source (reviewed in Fuchs,
2005). In addition, this synapse can sustain a high rate of
exocytosis (Beutner et al., 2001; Griesinger et al., 2005;
Moser and Beutner, 2000). Consistent with these physio-
logical characteristics, the CaV1.3 L-type voltage-gated
Ca2+ channels governing Ca2+-triggered synaptic exocy-
tosis in the IHC are rapidly activated and deactivated,
with little or no inactivation (Brandt et al., 2003; Platzer
et al., 2000). The IHC synapse operates via multivesicular
release to activate AMPA receptors on the dendrites of
afferent auditory neurons (Glowatzki and Fuchs, 2002;
Matsubara et al., 1996). Each IHC makes synaptic con-
tacts with 10 to 30 bipolar afferent neurons differing in
spontaneous firing rates and thresholds (Liberman,
1980; Merchan-Perez and Liberman, 1996). Notably, the
active zone of the IHC synapse includes a characteristicCell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc. 277
Figure 1. Otoferlin in Developing and
Mature Mouse Cochlea
(A–F) Immunohistofluorescence analysis of
otoferlin (green) in the cochlea. In (A), in the or-
gan of Corti at E16, otoferlin is detected in the
IHC but not in the OHCs. Actin filaments are
labeled with rhodamine-conjugated phalloidin
(red). In (B), longitudinal section of a P2 cochlea.
Inset shows a close-up view of the organ of
Corti, showing otoferlin labeling in both IHCs
and OHCs. Note the baso(***)-apical(*) gradient
of OHC labeling. At this stage, cochlear gan-
glion neurons (CGN) are faintly immunoreac-
tive. (C) shows the peak of otoferlin labeling in
the OHCs peaks at P6. In (D), at P60, otoferlin la-
beling is restricted to IHCs. (E) shows a confocal
view of a set of P60 IHCs showing strong baso-
lateral labeling in the area where these cells
form synapses with the dendrites of afferent
neurons (F). Scale bars: (A–D) 25 mm, (E) 10 mm.
(G–H) Immunoelectron microscopy detection of
otoferlin in the mature IHC synaptic region. The
greatest density of 10 nm gold particles is asso-
ciated with vesicles tethered to the ribbon (ar-
rowheads), facing an afferent dendrite (a).
Some gold particles are associated with the
presynaptic plasma membrane. Inset shows
a schematic illustration of the base of an IHC
and its synaptic contacts with afferent den-
drites. Scale bars: 100 nm.osmiophilic structure, the synaptic ribbon, to which syn-
aptic vesicles are tethered (Liberman, 1980; Sobkowicz
et al., 1986). In addition, the IHC ribbon synapse displays
molecular specificities. It lacks major components of the
neurotransmitter release machinery found at conventional
synapses (Jahn et al., 2003), including synaptophysins
(Eybalin et al., 2002; Safieddine and Wenthold, 1997), syn-
apsins (Mandell et al., 1990), and synaptotagmins I and II
(Safieddine and Wenthold, 1999), reviewed in Lenzi and
von Gersdorff [2001]).
Elucidation of the molecular mechanisms underlying the
specific functional features of IHC synapses remains a ma-
jor challenge. Our working hypothesis is that studies of
otoferlin defective in a recessive form of profound pre-
lingual deafness, DFNB9 (Varga et al., 2003; Yasunaga
et al., 2000), might provide insight into the machinery of
IHC ribbon synapses. Indeed, in the adult mouse cochlea
otoferlin mRNA was detected in the IHCs only (Yasunaga
et al., 2000; Yasunaga et al., 1999). Besides, otoferlin be-
longs to the ferlin protein family, and based on studies of
fer-1 mutants in C. elegans (Achanzar and Ward, 1997)
as well as dysferlin and myoferlin knockout mice (Bansal
et al., 2003; Davis et al., 2000), the ferlins have been pro-
posed to trigger membrane fusion process (reviewed in
Doherty and McNally [2003]).278 Cell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc.RESULTS
Otoferlin Distribution in Mouse Cochlear Hair Cells
Parallels Afferent Synaptogenesis
The predicted sequence of the murine otoferlin (see
Supplemental Experimental Procedures) contains six C2
domains (C2A-F) and a C-terminal transmembrane do-
main (Figure S1A). Immunohistofluorescence analysis
using two polyclonal antibodies, N14 and C19, and a
monoclonal antibody, 13a9 (Figure S1), showed that oto-
ferlin was present in the cochlea and vestibule (Figures 1
and S2), cochlear and vestibular nuclei, cerebellum, hip-
pocampus, and testis (not shown).
In the mouse inner ear, otoferlin immunoreactivity was
restricted to the cochlear and vestibular hair cells, at all
developmental stages analyzed (Figures 1 and S2), except
a transient and faint labeling of the cochlear ganglion neu-
rons, detected from postnatal day 2 (P2) to P7 (Figure 1B).
Cochlear labeling was first detected at embryonic day 16
(E16) in developing IHCs (Figure 1A). At E18, a weak stain-
ing was also observed in the OHCs (Figure S2B). The
intensity of immunolabeling increased in both IHCs and
OHCs until P6 (Figures 1B and 1C, systematically higher
in IHCs), when both sensory cell types show afferent
innervation and synaptic ribbons (Pujol et al., 1998;
Sobkowicz et al., 1986). The strongest staining was asso-
ciated with the basolateral region of these cells, where the
afferent synaptic contacts are located (Figures 1C–1F).
From P6 onward, otoferlin immunoreactivity vanished in
most OHCs (Figures 1C and 1D) in parallel with the previ-
ously described loss of OHC afferent synaptic contacts
(Pujol et al., 1998; Sobkowicz et al., 1986). However,
weak otoferlin immunostaining persisted in the OHCs of
the most apical region of the mature cochlea (Figures
S2D and S2E), in which afferent ribbon synapses are
maintained (Pujol et al., 1998). This remarkable correlation
between the otoferlin expression profile and afferent syn-
aptogenesis of hair cells (paralleled by the presence of
synaptic ribbons) suggests that otoferlin is a component
of the hair cell presynaptic machinery.
Otoferlin Is Associated with the Synaptic Vesicles
of Hair Cells
To localize otoferlin at the ultrastructural level, we carried
out postembedding immunogold electron microscopy on
sections of the organ of Corti from adult mice (P30), focus-
ing on the synaptic regions (Figures 1G and 1H). In all the
ribbon-containing sections examined (17 ribbons from
3 mice), most of the gold particles (n = 82) were associated
with the synaptic vesicles surrounding the ribbon (55% of
the gold particles), whereas 21% of the particles were
present in the immediate vicinity of the presynaptic plasma
membrane and 24% were present in the cytoplasm. Some
gold particles also decorated the Golgi apparatus and the
endoplasmic reticulum of the IHCs (not shown). No otofer-
lin immunostaining was observed if the primary antiserum
was omitted or preadsorbed onto target peptides.
Otoferlin Binds Ca2+ and Interacts with Syntaxin1
and SNAP25 in a Ca2+-Dependent Manner
C2 domains are present in various membrane proteins,
some of which have been implicated in synaptic vesicle
exocytosis (Nalefski and Falke, 1996). One of their most
extensively studied representatives is the synaptic vesicle
membrane protein synaptotagmin I (Syt I). This protein
interacts with syntaxin1 (Chapman et al., 1995; Kee and
Scheller, 1996; Li et al., 1995) and SNAP25 (Gerona
et al., 2000; Schiavo et al., 1997; Shao et al., 1997; Zhang
et al., 2002) and is considered as the major Ca2+ sensor of
fast synaptic vesicle exocytosis at conventional synapses
(reviewed in Chapman [2002] and Sudhof [2004]). The syn-
aptic localization of otoferlin and its predicted C2 domains
suggested that otoferlin might play a similar role in IHC
synaptic vesicle fusion. We thus investigated whether oto-
ferlin could bind Ca2+ and interact with these two mem-
bers of the SNARE complex, both of which are also pres-
ent in IHCs (Eybalin et al., 2002; Safieddine and Wenthold,
1999).
The otoferlin C2D domain contains five-aspartic acid
residues that are conserved throughout vertebrate spe-
cies (Figure S3A) and are predicted to bind Ca2+ (reviewed
in Rizo and Sudhof [1998]). The Ca2+ binding of the C2D
domain (Figure S3B) was investigated by monitoringchanges in its fluorescence emission spectrum, resulting
from tryptophan and tyrosine residues located within or
close to the top loops (Figure S3A), in the presence or ab-
sence of Ca2+ (Shin et al., 2005). Addition of 100 mM free
Ca2+ significantly increased the intensity of the fluores-
cence emitted by the C2D domain. This increase was
entirely reversed by addition of 1 mM EGTA and was not
observed in the presence of 100 mM free Mg2+ (Figure 2A
and data not shown).
We then investigated the possible interaction of otofer-
lin with syntaxin1 and SNAP25. Detergent extracts of
HEK293 cells coexpressing otoferlin and either syntaxin1
or SNAP25 were immunoprecipitated with the 13a9
antibody. Both syntaxin1 and SNAP25 were coimmuno-
precipitated with otoferlin (Figure 2B). The same immuno-
precipitation carried out with protein extracts from micro-
dissected mouse cochlear sensory epithelium confirmed
that these interactions actually take place in the cochlea
(Figure 2C). In pull-down assays, GFP-tagged full-length
otoferlin immunopurified by a GFP antibody linked to
a protein G-Sepharose column, bound to syntaxin1 (Fig-
ure 2D). Finally, in vitro binding assays in which the GST-
tagged otoferlin fragment OtofDC2A-C (aa 762–1992)
was incubated with syntaxin1 demonstrated direct inter-
action of these two proteins (data not shown). We inves-
tigated whether Ca2+ ions affected this interaction by
repeating the binding assays with various free Ca2+ con-
centrations. Increasing free Ca2+ concentration increased
syntaxin1 binding to otoferlin (EC50 80 mM), whereas in-
creasing the Mg2+ concentration to 1 mM had no effect
(not shown). About 10% of the maximal level of otoferlin-
syntaxin1 binding occurred in the presence of excess
Ca2+ chelator (Figure 2D). Finally, we tested whether the
19 aa peptide from syntaxin1 (aa 220–239) involved in
Syt I binding (Kee and Scheller, 1996) was also involved
in otoferlin binding using two syntaxin1 protein fragments:
syntaxin1D1 (aa 220–266) and syntaxin1D2 (aa 240–266),
as previously described (Kee and Scheller, 1996). Syntax-
in1D1 bound to OtofDC2A-C, whereas syntaxin1D2 did
not (Figure 2F). We repeated these in vitro binding tests
with SNAP25 and found that otoferlin interacts directly
with SNAP25, too. Increasing free Ca2+ concentration
increased otoferlin-SNAP25 interaction (EC50 350 mM).
This interaction was no longer observed in the presence
of Ca2+ chelator but could be detected at 1 mM free
Ca2+ concentration (Figure 2E). The association of otofer-
lin with synaptic vesicles and its interaction with SNARE
proteins strongly suggest that otoferlin is involved in
synaptic vesicle exocytosis.
Mutant Mice Defective for Otoferlin Have a Profound
Hearing Impairment
To study the function of otoferlin in vivo, we produced
transgenic mice lacking Otof exons 14 and 15, which en-
code most of its C2C domain (Figure 3A). The two mouse
lines produced from independent recombined embryonic
stem (ES) cell lines (Figure 3B) displayed similar pheno-
type. Normal Mendelian segregation of the Otof deletedCell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc. 279
Figure 2. Otoferlin Binds Ca2+ and Interacts with Syntaxin1 and SNAP25
(A) Aromatic residues of the purified C2D domain (5 mM) were excited at 282 nm. The emission spectra were collected at 339 nm. Emission in the
presence of 1 mM EDTA was significantly increased by the addition of Ca2+ to a 100 mM free concentration. This effect was reversed by 1 mM EGTA.
(B) Extracts from HEK293 cells producing otoferlin (Otof) and syntaxin1 or otoferlin and SNAP25 were subjected to immunoprecipitation (IP) with the
13a9 otoferlin antibody or with an unrelated mouse IgG. Both syntaxin1 and SNAP25 were coimmunoprecipitated with otoferlin.
(C) The same IP was carried out using a cochlear neuroepithelium extract. Both syntaxin1 and SNAP25 were coimmunoprecipitated with otoferlin.
(D and E) Effect of Ca2+ concentration on the binding of otoferlin to syntaxin1 (D) and SNAP25 (E) GFP-tagged otoferlin was immobilized on a column
and incubated with equal amounts of full-length radiolabeled syntaxin1 or SNAP25, in the presence of 2 mM EGTA or various concentrations of free
Ca2+. The bound protein fraction was determined by autoradiography and quantified by phosphorimaging. Normalized values were plotted. Data rep-
resent mean ± SEM calculated from three independent assays. Curve fitting and EC50 calculation were performed with GraphPad prism software.
(F) Mapping of the otoferlin binding region on syntaxin1. Syntaxin1 scheme adapted from Margittai et al. (2003), indicating the Habc domain, the
SNARE motif, and the transmembrane domain (TM). Full-length (FL) or truncated forms (D1 and D2) of syntaxin1 were immobilized on columns as
GST-fusion proteins in the presence of 10 mM Ca2+. Radiolabeled OtofDC2A-C binds to FL, D1 but not D2.allele (128 homozygous Otoftm1Ugds/tm1Ugds, subsequently
referred to as Otof/, 261 heterozygous Otof+/ and 129
wild-type mice in 65 litters) was observed. RT-PCR exper-
iments on Otof/ cochleas confirmed the presence of
a recombinant Otof mRNA lacking the sequence encoded
by exons 14 and 15 (Figure S4), and thus expected to
result in a frameshift and a premature stop codon. The
absence of a truncated form of otoferlin in homozygous
mutants was demonstrated by immunoblot and immuno-
histolabeling experiments using N14, C19, and 13a9 anti-280 Cell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc.bodies (Figures 3D and 3E and data not shown). Otof/
mice showed no obvious morphological defects. Gross
evaluation of vestibular function (see Experimental Proce-
dures) carried out at P30 (n = 16), provided no evidence of
vestibular dysfunction in the mutants. A subtle defect or
compensation by visual and/or proprioceptive inputs,
however, cannot be excluded (de Caprona et al., 2004).
Auditory brainstem responses (ABRs), reflecting the
electrical response of the cochlear ganglion neurons and
the nuclei of the central auditory pathway to sound
Figure 3. Targeted Disruption of the Otof Gene
(A) Maps of the targeting construct,Otof wild-type allele, and the resulting mutant alleles, indicating the replacement of exons 14 and 15 by an internal
ribosomal entry site (IRES)-hygromycin cassette placed in the opposite transcriptional orientation and introducing new BglII and SphI sites. Black
boxes represent exons, arrowheads indicate loxP sites. The hygromycin cassette was secondary removed using Cre recombinase, generating the
Otof tm1Ugds allele. The two probes used to validate homologous recombination in ES cells by Southern blot analysis are indicated.
(B) Southern blot analysis of BglII- and SphI-digested genomic DNA derived from two independent hygromycin-resistant ES cell clones.
(C) PCR analysis of wild-type (+/+), heterozygous (+/), and homozygous mutant (/) mice obtained after crossing the initial mouse lines with Pgk-
1-cre transgenic mice to remove the hygromycin cassette.
(D) Immunoblots of cochlear sensory epithelium extracts from Otof+/+ (+/+) and Otof/ (/) mice probed with either 13a9 or N14 antibody against
otoferlin. Immunoreactive bands of the expected molecular mass are detected in Otof+/+ but not in Otof/ extracts.
(E) Immunohistofluorescence staining for otoferlin with N14 antibody (green) and phalloidin (red), on whole mounts of organs of Corti from P6 mice,
showing intense otoferlin staining of IHCs and OHCs in wild-type mice (+/+) and a complete loss of staining in homozygous mutant mice (/). Scale
bars: 10 mm.stimulation (broadband click or pure tone bursts of 5, 10,
15, 20, and 40 kHz), were analyzed in Otof/, Otof+/,
and wild-type littermates, from the age of 3 weeks on-
ward. Wild-type (n = 12) and Otof+/ mice (n = 15) pro-
duced characteristic ABR waveforms in response to all
stimuli, with thresholds between 20 and 45 dB sound
pressure level (SPL), whereas Otof/ littermates (n = 12)
showed no visible ABR, even for stimulus intensities of
100 dB SPL (Figures 4A and 4B). We investigated whether
the hearing impairment involved an OHC defect by record-
ing distortion product otoacoustic emissions (DPOAEs),
which indicate OHC amplification activity (reviewed in
Kim [1986]). DPOAE levels were not significantly different
inOtof/,Otof+/, andOtof+/+ mice, regardless of the fre-
quency and intensity of the stimulus used (Figure 4D). We
then explored whether the auditory nerve of Otof/ mice
responded to direct electrical stimulation. Electrically
evoked brainstem responses (eEBRs) were elicited in
Otof/ mice but required higher current levels than inOtof+/+ littermates (Figure 4C). Thus, both OHCs and the
afferent auditory pathway of the adult Otof/ mice are
functional, and the profound hearing impairment in these
mice probably results from an IHC defect.
IHC Ribbon Synapses Develop Normally
in Otof/ Mice
Histological analysis of the cochlea at P6, P15, and P30,
showed that the organs of Corti ofOtof/ mice were mor-
phologically indistinguishable from those of wild-type
littermates (Figures 5A and 5B). The afferent ribbon synap-
ses of P15 wild-type and mutant mice were examined by
immunofluorescence microscopy, using both an antibody
directed against the nuclear protein CtBP2, which also de-
tects Ribeye, a major structural component of the ribbon
(Schmitz et al., 2000), and an antibody against glutamate
receptor subunits 2 and 3 (GluR2-3), associated with the
dendrites of afferent neurons. Intact ribbon synapses
were defined by the presence of closely juxtaposed RibeyeCell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc. 281
Figure 4. Assessment of Hearing Impair-
ment in Otof/ Mice
(A) Representative ABR recordings from
Otof+/+ (black lines) and Otof/ (gray lines)
P30 mice at 20–100 dB SPL of broadband
clicks. Roman numerals mark the peaks of
the standard ABR waves. No ABR waveform
is visible in the Otof/ mouse recordings.
(B) Mean ABR thresholds (and mean ± SEM) for
wild-type (closed circles, n = 12), heterozygous
(half-filled circles, n = 15), and homozygous
mutant (open circles, n = 12) mice. No signifi-
cant difference in threshold was found between
wild-type and heterozygous mice (Student’s
t test, p > 0.05). In contrast, all Otof/ mice
had thresholds above 100/110 dB SPL peak
equivalent and several mice displayed no
ABR wave, even at the highest intensity tested
(110 dB). Dashed line: average ABR thresholds
for reference CBA/J mice.
(C) Electrically evoked brainstem responses
(eEBR) in a wild-type +/+ (black line) and a ho-
mozygous mutant/ (gray line) mouse stimu-
lated by an electrode at the round window. The intensity of electrical stimulation (in mV) is indicated on the right-hand side of the traces. In eEBR, wave
I is not visible, as the IHC synaptic processes are bypassed. Wave IV and later waves, corresponding to the responses of higher auditory centers, are
visible on both traces. More intense electrical stimulation was required to elicit eABR in Otof/ mice, probably due to a decreased number of func-
tional cochlear ganglion neurons (see Table 1).
(D) Mean (and mean ± SEM) growth functions of DPOAEs at 7.5, 10, and 15 kHz for equilevel stimuli, increasing stepwise from 30–40 to 70 dB SPL in
wild-type (closed squares) and homozygous mutant (open squares) mice. No significant difference was observed between wild-type and mutant mice
(ANOVA, p > 0.05).and GluR2-3 fluorescent spots (Khimich et al., 2005).
Quantitative analysis showed that the IHCs of Otof/
mice had about half the normal number of ribbon synapses
at P15 (Figures 5C and 5D and Table 1A). The IHC synap-
ses were further analyzed by transmission electron mi-
croscopy. Consistent with the immunofluorescence re-
sults, the IHCs of P15 Otof/ mice had approximately
60% the number of ribbon synapses (defined by the pres-
ence of asymmetric membrane thickening and anchored
ribbon) seen inOtof+/+mice (Table 1B). The numbers of rib-
bon-associated vesicles and vesicles docked to the pre-
synaptic plasma membrane below the ribbon were similar
in Otof/ and Otof+/+ mice (Table 1B). However, we also
observed structurally abnormal postsynaptic contacts
and floating ribbons in P15 Otof/ mice but not in wild-
type littermates (Figures 5G–5J and S5 and Table 1B).
This ribbon-anchorage defect in matureOtof/ IHCs can-
not account for the severe hearing impairment of Otof/
mice because other mouse mutants with an almost com-
plete loss of anchored IHC ribbons display only a slight
increase in ABR thresholds (Khimich et al., 2005). We
investigated whether the abnormal synapses observed at
P15 resulted from developmental failure by carrying out
a similar study in mice at P6, a stage at which ribbon syn-
apses are already formed in IHCs (Sobkowicz et al., 1986).
At this stage, IHC synapses from Otof+/+ and Otof/ mice
were indistinguishable in terms of their ultrastructure, in-
cluding ribbon structure, the number of ribbons per IHC,
and afferent dendrite morphology and number (Figures
5E and 5F and Table 1B). Thus, otoferlin is not required
for ribbon synapse formation.282 Cell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc.Disruption of Ca2+-Triggered Exocytosis at Hair Cell
Synapses in Otof/ Mice
We investigated the cellular mechanism of deafness in
Otof/ mice by analyzing the presynaptic function of
IHCs before and after the onset of hearing. Patch-clamp
measurements of membrane capacitance changes
(Neher and Marty, 1982) have revealed fast and sustained
components of exocytosis in hair cells (reviewed in Nou-
vian et al. [2006]). Voltage-gated Ca2+ influx and exocytic
membrane capacitance changes were monitored in
Otof/ andOtof+/+ IHCs at P6 and P15. The Ca2+ currents
of the two genotypes were similar in terms of kinetics, am-
plitude, and voltage dependence, and showed the typical
developmental downregulation (Figures 6A and 6B) (Beut-
ner et al., 2001; Johnson et al., 2005). The depolarization-
induced exocytosis of both immature (P6) and mature
(P15) IHCs was almost completely abolished in Otof/
mice (Figures 6A and 6C). Exocytosis of the readily releas-
able pool (RRP) and sustained secretion were equally af-
fected, indicating a general defect in Ca2+ influx-triggered
neurotransmitter release (Figure 6C).
If the Ca2+ dependence of fusion was affected by the
absence of otoferlin, then exocytosis might persist if the
Ca2+ concentration close to the release site were high
enough. We used the flash photolysis of caged Ca2+ to
increase overall Ca2+ concentration in an incremental
manner up to 70 mM. Consistent with our previous results
(Beutner et al., 2001), the immediate exocytosis burst
(within 1 s of the flash) of Otof+/+ IHCs at P15 comprised
two kinetic components (Figure 6E) and was often
followed by rapid endocytosis (Figure 6D). These two
components are currently considered to reflect the exo-
cytosis of fusion-competent vesicle populations harbor-
ing loose or tight SNARE complexes and/or Ca2+ sensors
with different Ca2+ affinities in other neurosecretory
cells (Voets et al., 2001). Otof/ IHCs lacked the fast
component of the exocytic burst (Figures 6D–6F), even
if the Ca2+ concentration was increased to 70 mM. The
slow component was maintained, albeit with a smaller
amplitude (Figures 6D–6F). Resting membrane capaci-
tance, membrane potentials, and potassium currents
were largely unaffected in Otof/ IHCs (Figure S6 and
Table S1).
Figure 5. Light and Transmission Electron Microscopy Anal-
yses of the Organ of Corti in Otof/ Mice
(A and B) Semithin cross-sections of the cochlea, showing the normal
morphology of the organ of Corti in P15 Otof+/+ (A) and Otof/ (B)
mice. TM, tectorial membrane; TC, tunnel of Corti.
(C and D) Whole mounts of organs of Corti from P15 mice double-
immunolabeled for CtBP2 and GluR2-3, analyzed by confocal micros-
copy, followed by deconvolution and surface reconstruction. The IHCs
have more double-immunolabeling in Otof+/+ (C) than in Otof/
(D) mice (see Table 1A for quantitative analysis).
(E–J) Electron micrographs of P6 and P15 IHC ribbon synapses. At P6,
spherical ribbons are present at the active zone in both Otof+/+ (E) and
Otof/ (F) mice. At P15, normal IHC ribbon synapses are observed in
Otof+/+ (G) and Otof/ (H) mice. Otof/ mice also have abnormally
shaped (I) and floating (J) ribbons. The arrowhead in G indicates a bud-
ding coated endocytic pit. Scale bars: 10 mm in (A and B), 5 mm in
(C and D), 200 nm in (E–J).DISCUSSION
Mutant mice lacking otoferlin are profoundly deaf, with no
detectable ABR across all sound frequencies tested.
DPOAEs show that cochlear amplification is maintained,
implying that both the mechanoelectrical transduction
process and the electromotility of OHCs are unaffected.
Furthermore, eEBRs, recorded upon direct electrical stim-
ulation of the cochlear ganglion neurons, indicate that the
auditory pathway, from these neurons through the brain-
stem auditory nuclei to the inferior colliculus, is functional.
Thus, a defect affecting IHCs and/or their afferent nerve
synaptic contacts seems to be responsible for the hearing
impairment in Otof/ mice. The almost complete aboli-
tion of IHC synaptic exocytosis in response to cell depo-
larization, despite normal IHC and synapse ultrastructure
(at least until P6), is consistent with a failure of the IHC
neurotransmitter release.
Otoferlin Is Not Essential for IHC Ribbon
Synapse Formation
In IHCs of P15 Otof/ mice, we observed both a de-
creased number of ribbon synapses and abnormal synap-
ses that included floating ribbons. These abnormalities are
probably a secondary effect of synaptic dysfunction. In-
deed, exocytosis was defective in P6 mutant mice despite
normal assembly of ribbon synapses. Moreover the float-
ing ribbons observed in the IHCs of P15Otof/ mice were
flat and plate-like in shape, indicating that maturation of
the spherical ribbon to its adult shape had occurred (Sob-
kowicz et al., 1986). This phenotype differs from that of
mutant animals lacking bassoon, a protein anchoring the
ribbon to the active zone, or Ribeye, a major component
of the ribbon, in which ribbon synapses fail to develop
(Dick et al., 2003; Khimich et al., 2005; Wan et al., 2005).
Conversely, the Otof/ phenotype is similar to those of
SNAP25, VAMP2, and Syt I knockout mice, in which the
synapses of the CNS develop and assemble normally, de-
spite the impairment of evoked synaptic exocytosis (Gep-
pert et al., 1994; Schoch et al., 2001; Washbourne et al.,
2002). However, synapse maintenance seems to require
the persistence of spontaneous neurotransmitter exocy-
tosis (Verhage et al., 2000). Future studies involving post-
synaptic recordings from the hair cell synapses (Glowatzki
and Fuchs, 2002) are required to determine whether IHCs’
spontaneous neurotransmitter release is preserved in
Otof/ mice.
Otoferlin Acts Downstream from Synaptic Vesicles
Docking to the Plasma Membrane
So what exactly does otoferlin do? Where in the synaptic
vesicle exocytosis cascade does the defect responsible
for deafness occur? Synaptic vesicles are first targeted
to the fusion site of the presynaptic plasma membrane
by means of protein-protein interactions involving SNARE
proteins, proteins of the Rab family, and Munc18 (reviewed
in Jahn et al. [2003] and Robinson and Martin [1998]). Ves-
icle-associated membrane protein (VAMP/synaptobrevin)Cell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc. 283
Table 1. Quantitative Analysis of IHC Ribbon Synapses
A.
P15 (confocal microscopy)
Otof +/+ Otof /
Number of inner hair cells 200 198
Number of GluR2/3-labeled dendrites 3313 1838
Number of Ribeye and GluR2/3-labeled
synapses
3194 1646
Number of Ribeye-labeled ribbons 3338 2059
B.
P6 (electron microscopy) P15 (electron microscopy)
Otof +/+ Otof / Otof +/+ Otof /
Number of inner hair cells examined 36 42 43 62
Number of afferent terminals 92 101 95 124
Number of afferent synapses (AS) 92 101 95 91
Total number of ribbons 35 39 40 35
Number of synapses with anchored
ribbon (SAR)
32 38 40 24
Number of synapses with floating
ribbon
3 1 0 11
SAR/AS 35/92 (38%) 39/101 (39%) 40/95 (42%) 24/91 (26%)
Number of synaptic vesicles associated to
anchored ribbon in 2D (mean ± SEM)
14.3 ± 1.7
(n = 39 ribbons)
14.4 ± 2.0
(n = 20)
Number of docked synaptic vesicles 3.2 ± 0.7 (n = 39) 2.8 ± 0.6 (n = 20)
(A) Confocal microscopy analysis of whole mount of P15 mice organs of Corti double-immunolabeled for Ribeye and GluR2-3. An
antibody against CtBP2, staining both Ribeye and the nuclear CtBP2, was used to facilitate quantification. Deconvolution and 3D
reconstructions of Ribeye- and GluR2-3-labeled structures showed that 52% of the ribbon synapses were maintained in Otof/
(n = 9) mice, using Otof+/+ mice (n = 7) for reference.
(B) Electron microscopy analysis of IHC ribbon synapses at P6 and P15. No phenotypic abnormality of the ribbon synapses was
observed in P6 Otof/ mice. The number of IHC afferent contacts in P15 Otof/ mice was 34% lower than that in wild-type lit-
termates. Ribbons were seen in only 26% of the synapses (n = 91) analyzed in P15 Otof/ mice, versus 42% (n = 95) in wild-
type mice. Finally, 31% of the ribbons (n = 35) seen in P15Otof/ IHCs were floating. The number of vesicles tethered to the ribbon
includes all the vesicles within 30 nm of the ribbon. All the vesicles clearly located immediately below the ribbon were considered to
be docked in our 2D estimation. Three wild-type and three Otof/ mice were studied at both P6 and P15.binds to syntaxin1 and SNAP25, which are preferentially
anchored to the presynaptic plasma membrane (Fassha-
uer et al., 1998), thereby forming the SNARE complex
and bringing the synaptic vesicle and plasma membrane
into close contact at the fusion site (reviewed in Jahn
et al. [2003] and Sudhof [2004]). The same SNARE pro-
teins are present in the IHCs and may therefore be in-
volved in neurotransmitter release in these cells (Safied-
dine and Wenthold, 1999), as reviewed in Lenzi and von
Gersdorff [2001]). Wild-type and Otof/ mice had similar
numbers of vesicles tethered to ribbons and docked to the
presynaptic plasma membrane below the ribbons, indi-
cating that neither the biogenesis nor the docking of syn-
aptic vesicles to the presynaptic plasma membrane were
compromised in these mutants. Thus, the otoferlin defect
impairs IHC exocytosis downstream from the docking284 Cell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc.step. Once docked to the presynaptic plasma membrane,
the synaptic vesicle undergoes priming, a maturation step
involving Munc13-1 and other factors (Augustin et al.,
1999), required for the Ca2+-triggered exocytosis of syn-
aptic vesicles (reviewed in Klenchin and Martin [2000]).
Detailed biochemical and genetic studies have provided
compelling evidence that Syt I, a C2 domain-containing
transmembrane protein, is the major Ca2+ sensor for the
last step of fast and synchronous neurotransmitter release
at CNS synapses (reviewed in Chapman [2002] and Sud-
hof [2004]). In response to the action potential-triggered
increase in presynaptic Ca2+ concentration, Syt I binds
up to five Ca2+ ions and drives the SNARE-dependent fu-
sion of the primed vesicles with the presynaptic plasma
membrane. Although the role of otoferlin in priming cannot
be ruled out, it is worth of note that the protein lacks the
Figure 6. Ca2+-Triggered Exocytosis Is Almost Completely Abolished in the Absence of Otoferlin
(A) Ca2+ currents (top) and DCm responses (bottom) of representative Otof
+/+ (black) and Otof/ (gray) IHCs from P6 mice to 20 ms depolarization to
peak Ca2+ current potential. The recordings in (A–C) were performed in the perforated-patch configuration.
(B) Ca2+ current I/V relationships of Otof+/+ (black) and Otof/ (gray) IHCs from P6 (open circles) and P15 mice (closed squares): grand averages,
including one I/V relationship of each cell (see C for n).
(C) Kinetics of exocytosis (top) and corresponding Ca2+ current integrals (bottom) ofOtof+/+ (black) and Otof/ (gray) IHCs from P6 (open circles) and
P15 (closed squares) mice. DCm were obtained by multiple depolarizations of different durations to peak calcium current potential in each IHC and
represent grand averages calculated from the means of the individual IHC.Cell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc. 285
minimal domain identified as required for this activity (Ste-
vens et al., 2005). In contrast, several lines of evidence
suggest that otoferlin is a Ca2+ sensor at the IHC ribbon
synapse. First, neither Syt I nor its close relative Syt II
has been detected in the IHC (Safieddine and Wenthold,
1999). Second, otoferlin is a C2 domain transmembrane
protein of the IHC synaptic vesicles and can bind Ca2+
at least through its C2D domain. Third, otoferlin interacts
with syntaxin1 and SNAP25, and these interactions are
potentiated by Ca2+, as reported for Syt I (Chapman
et al., 1995; Gerona et al., 2000; Schiavo et al., 1997;
Shao et al., 1997). Fourth, otoferlin and Syt I bind to the
same site on syntaxin1 in vitro (Kee and Scheller, 1996). Fi-
nally, biophysical analysis of hair cell exocytosis is consis-
tent with a loss of the Ca2+ sensitivity of the IHC synaptic
exocytic machinery. Indeed, the abolition of IHC fast exo-
cytosis in response to membrane depolarization or Ca2+
uncaging strongly resembles the exocytic phenotype ob-
served in Syt I-deficient neuroendocrine cells (Voets et al.,
2001). In both cases, exocytosis of the readily releasable
pool of vesicles was nearly abolished despite normal
Ca2+ influx, and the fast component of the exocytic burst
in response to the flash photolysis of caged Ca2+ was lost,
whereas the slow component was (at least partly) main-
tained.
The present findings thus extend the identified func-
tional similarities between the synaptotagmin and ferlin
families. Indeed, some members of these two protein fam-
ilies—Syt I and Syt II (Geppert et al., 1994; Nagy et al.,
2006) and otoferlin (this study)—are involved in synaptic
exocytosis, whereas others—Syt VII (Chakrabarti et al.,
2003; Reddy et al., 2001) and dysferlin (Bansal et al.,
2003)—are involved in plasma-membrane resealing after
injury, which also involves Ca2+-dependent membrane
fusion.
Cooperation between the six C2 domains of otoferlin
may control the high Ca2+ cooperativity of synaptic exocy-
tosis in maturating IHCs up to P6-P7, which fire action po-
tentials (Johnson et al., 2005). Otoferlin may also account
for the high intrinsic Ca2+ cooperativity of release upon
Ca2+ flash photolysis in the mature IHCs (Beutner et al.,
2001). However, at this stage, depolarization-evoked exo-
cytosis depends almost linearly on the amplitude of the
presynaptic Ca2+ current (Brandt et al., 2005; Johnson
et al., 2005, Keen and Hudspeth, 2006). Properties of
IHC synaptic Ca2+ nanodomains ensuring a high Ca2+286 Cell 127, 277–289, October 20, 2006 ª2006 Elsevier Inc.concentration at release sites (Brandt et al., 2005) may
contribute to this linearity, essential for the high-fidelity
transfer of sensory information.
DFNB9 Deafness Is an Auditory Synaptopathy
Because of the absence or severe impairment of ABRs
and the preservation of DPOAEs in DFNB9 patients, this
deafness was classified as an auditory neuropathy, i.e.,
a deafness class that is believed to be mainly due to
defects of the auditory pathway downstream from the co-
chlea (Delmaghani et al., 2006; Varga et al., 2003). The
similar results obtained in audiological tests carried out
in DFNB9 patients and Otof/ mice and pathophysiolog-
ical analysis of these mice show that DFNB9 deafness re-
sults from a primary synaptic vesicle fusion defect at the
IHC synapse. Consistently, DFNB9 patients benefit from
cochlear implants (Rodriguez-Ballesteros et al., 2003),
electronic devices that bypass the IHCs by converting
acoustic signals into electrical impulses, delivered directly
to the auditory nerve fibers. In this study, we thus iden-
tify a new nosological entity, hair cell auditory synapto-
pathy, pointing out the necessity to distinguish between
the diverse pathophysiological mechanisms underlying
so-called hereditary auditory neuropathies in a therapeutic
perspective.
EXPERIMENTAL PROCEDURES
Immunohistofluorescence
Immunofluorescence analysis was carried out on tissue sections and
cochlear whole-mount preparations as described (Safieddine and
Wenthold, 1997; Safieddine et al., 2002). The primary antibodies
against otoferlin, CtBP2, and GluR2-3 were used at dilutions of
1:500, 1:500, and 1:200, respectively. Photomicrographs were taken
with an Aristoplan light microscope equipped with epifluorescence
optics (Leitz, Wetzlar) or with a confocal laser scanning microscope
(Zeiss, Pasteur, Cell Sciences Imaging Facility). Deconvolution and
reconstruction were carried out with Huygens2 (Scientific Volume Im-
aging, Hilversum, the Netherlands) and Osirix (Antoine Rosset, Depart-
ment of Radiology, Geneva University Hospital, Switzerland) software,
respectively.
Electron Microscopy
Mouse cochleas were fixed as described (Matsubara et al., 1996). The
organs of Corti were microdissected and processed by the pro-
gressive temperature-lowering technique (Robertson et al., 1992).
Immunogold labeling was carried out as described (Agulhon et al.,
2003), using the N14 antibody at 1:200 dilution. For morphological
analyses, cochleas were fixed with 4% paraformaldehyde and 2%(D) Representative exocytic DCm of Otof
+/+ (black) and Otof/ (gray) IHCs (P15 mice) in response to the flash photolysis of Ca2+-loaded DM-Nitro-
phen. Top shows ratiometric [Ca2+]i measurement, using the calcium indicator dye Furaptra. [Ca
2+]i values were estimated from the ratio of the fluo-
rescence signals measured during a 13 ms illumination period at 350 and 380 nm. Before the flash, [Ca2+]i was too low for accurate measurement with
this low-affinity dye. Bottom shows recording of DCm in response to a UV flash (at time zero): the dark gray line represents a scaled version of the
recording for Otof/ mice (scaling factor of 5.7 to match the maximum amplitude of the Otof+/+ flash response).
(E) First 200 ms after these DCm responses on an expanded time scale. The Otof
+/+ DCm response (black) was well fitted by a double exponential
function with time constants of 3.8 and 63.5 ms, respectively (superimposed dotted line), whereas the Otof/ response (light gray) was fitted by a
single exponential function with a time constant of 98.2 ms.
(F) Comparison of the amplitude (left) and kinetics (right) of the first and second component in response to the flash photolysis of caged Ca2+. Analysis
was restricted to the range of postflash [Ca2+]i of 22–50 mM and 30–46 mM for Otof
+/+ and Otof/, respectively. Only the DCm to the first flash was
used for analysis, and double or single exponential fitting to the first 200 ms of DCm was used because fast endocytosis compromised subsequent
analysis in many cases.
glutaraldehyde in PBS pH 7.4 and immersed in the fixative solution for
2 hr. They were then postfixed by overnight incubation in 1% osmium
tetraoxide at 4C, dehydrated in graded acetone concentrations, and
embedded in Spurr’s low-viscosity epoxy resin. Semithin sections (1
mm) were stained with toluidine blue for light microscopy. The ultrathin
section was stained with uranyl acetate and lead citrate and examined
under a Jeol1200EX electron microscope.
Ca2+ Binding Assay
Otoferlin C2D domain (residues 971–1109) was purified as a Glutathi-
one S-transferase (GST) fusion protein, treated with Benzonase
(Merck) and high-salt buffers as described (Ubach et al., 2001). The
C2D domain was cleaved from GST with rTEV and subjected to gel
filtration in 25 mM Tris-HCl, pH 8, 0.1 M NaCl, 1 mM DTT, and 1 mM
sodium EDTA. Protein concentration was adjusted to 5 mM for the re-
cording of fluorescence spectra. Fluorescence emission spectra were
acquired in a PTI Quantamaster TM spectrofluorometer.
Immunoblotting and Immunoprecipitation
Proteins were extracted from transfected HEK293 cells and from
microdissected organs of Corti, as described (Safieddine et al.,
2002). Immunoprecipitation was carried out using 13a9 antibody, pre-
incubated with protein G-agarose (Pharmacia). Immunoprecipitates
were electrotransferred to nitrocellulose sheets and probed with the
N14 antibody (1:1000), anti-SNAP25 (1:2500), or anti-syntaxin1
(1:2500) antibodies. Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit or anti-mouse antibodies (Biorad) and the ECL chemilumi-
nescence system (Pierce) were used for detection.
In Vitro Binding Assay
Syntaxin1, either full-length or with various truncations, such as syn-
taxin1D1 (aa 220–266) and syntaxin1D2 (aa 240–266), were produced
as GST fusion proteins and purified as described (Kee and Scheller,
1996). The 35S-labeled OtofDC2A-C was produced by in vitro transla-
tion with the TNT Coupled Reticulocyte Lysate System (Promega), and
the binding assay was carried out as reported (Safieddine et al., 2002).
For the Ca2+-dependent and -independent binding reactions, otoferlin
was immobilized on columns either as GST-OtofDC2A-C or as GFP-
Otof purified by immunoaffinity. The in vitro translated 35S-labeled syn-
taxin1 or SNAP25 were equally divided between the samples. EGTA
(2 mM) was used to chelate the free Ca2+ in solution and CaCl2 at var-
ious concentrations for Ca2+-dependent binding reactions. The free
Ca2+ concentration in buffers was estimated using WEBMAXCLITE
v1.15 software (http://www.stanford.edu). Quantification was per-
formed with Molecular Dynamics PhosphorImager and ImageQuant
software.
Generation of Otof/ Mice
Two fragments containing the genomic sequences 50 and 30 to exons
14 and 15 ofOtofwere amplified by PCR. The 5 kb BamHI-XhoI-BssHII
and 6 kb BssHII-SfiI-BamHI-NaeI 129/SvPas fragments were inserted
into pUC19 (New England BioLabs) previously modified by inserting
a BamHI-XhoI-BssHII-SfiI-NaeI-HindIII polylinker. A loxP-hygro-loxP
(the gene conferring resistance to hygromycin under control of the
phosphoglycerate kinase gene [Pgk-1] promoter) cassette was in-
serted into the BssHII site (Figure 3A). All constructs were sequenced,
and the sequences obtained were compared with the 129/SvPas ge-
nomic sequence. We screened 282 CK35 ES cells resistant to hygrom-
ycin for homologous recombination and monoinsertion events by
Southern blot analysis. Two clones (Figure 3B) were injected into
C57BL/6N blastocysts to create chimeric animals. Transmission of
the mutant Otof allele was detected by PCR in agouti pups. Positive
pups in the F1 progeny were crossed with Pgk-1-cre mice in a mixed
C57BL/6-129/SvPas background. F2 animals carrying an allele in
which the hygromycin selection cassette was deleted (Otof tm1Ugds
allele) were selected by PCR, using primers 50-CACTTGCTTTGTCT
CATCTCC-30 and 50-GTCACTTCTTCTGGGTATTTC-30, generating a507 bp PCR product. The heterozygous animals were interbred to gen-
erate Otof/, Otof+/, and Otof+/+ mice.
Gross Evaluation of Vestibular Function
One month-old Otof/, Otof+/, and wild-type littermates were evalu-
ated using the following tests: the reaching response, air-righting re-
flex, contact-righting reflex, elevated-platform test, and swimming
tests (Steel, 1992).
Assessment of Hearing Impairment
ABR, eEBRs, and DPOAEs were recorded and analyzed as described
(Le Calvez et al., 1998).
Patch Clamp of IHCs and Flash Photolysis of Caged Ca2+
IHCs from the apical coil of freshly dissected organs of Corti from
NMRI mice (postnatal days 5 to 7, denoted P6, and 14 to 25, denoted
P15) were patch-clamped at their basolateral face at room tempera-
ture (20–25C; for details see Moser and Beutner [2000]).
Flash photolysis was performed as described in Beutner et al. (2001)
and Supplemental Experimental Procedures.
Animal Handling
All experiments reported in this publication were carried out according
to INSERM and Pasteur Institute welfare guidelines.
Supplemental Data
Supplemental Data include six figures, one table, and some experi-
mental procedures and can be found with this article online at http://
www.cell.com/cgi/content/full/127/2/277/DC1/.
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